Excitation function of proton induced nuclear reactions on lead for production of 206,205,204,203,202,201g Bi, 203cum,202m,201cum Pb and 202cum,201cum,200cum,199cum Tl radionuclides were measured up to 36 MeV by using activation method, stacked foil irradiation technique and ?-ray spectrometry. The new experimental data were compared with the few earlier experimental results and with the predictions of the EMPIRE 3.1, ALICE-IPPE (MENDL2p) and TALYS (TENDL-2012) theoretical reaction codes.
Introduction
Production cross-sections of proton induced nuclear reactions on lead are important for many applications and for the development of nuclear reaction theory. Lead is an important technological material as pure element as well as alloying agent and it is also widely used in different nuclear technologies, as well as target material for production of 201 Tl medical diagnostic gamma-emitter for SPECT technology (Lagunas-Solar et al., 1981) . 205 Bi and 206 Bi have also medical interest, while they are used to study biokinetics of medically interesting 212, 213 Bi alpha-emitter radioisotopes (Milenic et al., 2001 ). Lead and lead-bismuth alloy (Broome, 1996) are considered as target material for spallation neutron sources, it is also used for Pb or Pb-Bi, PbMg cooled fast nuclear reactors and lead cooled accelerator driven reactors (IAEA, 2002) . The beam handling and target systems (collimator, energy degrader, target backing) are frequently made from lead (brass). At charged particle accelerators, widely used different alloys are also containing lead. In most of these applications high intensity, low and high energy direct or secondary proton beams activate these technological elements and produce highly active radio-products. Recognizing the importance of knowledge of the production cross-sections on a large energy scale systematic coordinated experimental and theoretical studies were indicated and large scale experiments were done. In spite of * Corresponding author: ditroi@atomki.hu this, only a few experimental data sets exist, collected mostly by the experimental groups. In the low energy region practically only one experimental cross-section is available from the Hannover-Cologne group. In our research and application work in connection with the activation cross-sections on lead we were involved in different projects and applications:
• preparation of nuclear database for production of medical radioisotopes in the frame of an IAEA Coordinated Research Project ; Zaitseva et al., 1987), using the nat Pb(p,x) 201 Tl reaction
• Preparation of proton and deuteron activation cross-section database for FENDL Fusion Evaluated Data Library (IAEA, 2004) • Investigating the activation cross-sections of deuteron induced reactions on lead (Ditrói et al., 2008) • Preparation of data base of Thin Layer Activation (TLA) technique for wear measurement (IAEA-NDS, 2010) via the nat Pb(p,x) 206 Bi reaction
• Every day practice of wear measurement of brass samples (Laguzzi et al., 2009) The importance of the cross-section data for nuclear databases was justified in preparation phase in practice by selecting important targets for the database. From other side, in our practice the importance of crosssection data is well known for choosing the appropriate irradiation parameters (irradiation time, energy, intensity, etc.). Therefore we decided to re-measure the excitation function in the energy range of our cyclotrons (E max = 40 MeV). According to our experiences, before the experiment we have investigated the earlier experimental results and the theoretical results available in web (TENDL and MENDL2p data-bases, EMPIRE 3.1). We found only few experimental results, out of them results from reliable research groups.
Earlier investigations
Taking into account the importance of the proton induced activation data on lead the activation crosssections were measured up to the GeV energies. But due to the used measuring technology (stacked foil irradiation technique, high activities and long cooling time) the cross-sections of the relatively short-lived activation products were not measured. Comparing the available experimental data on other important materials in low energy region the data sets on lead are rather poor. Considering the cross-section and yield data: Bell et al. measured the cross-sections of (p,xn) reactions on the isotopes of lead and bismuth up to 50 MeV in 1956 (Bell and Skarsgard, 1956 ). Each target isotope was measured on enriched targets of different compositions and different energy intervals, so a calculation of natural and/or isotopic cross-section for a particular energy was difficult or not possible. Lagunas-Solar reported differential yield for production of 201 Tl in 1981 in the 47-6 MeV energy range (Lagunas-Solar et al., 1981). Production of 205, 206 Bi for environmental toxicology and proton activation analysis were investigated in 1981 (Birattari et al., 1981).
Radioactive nuclide yields on thick target for 205, 206, 207 Bi at 22 MeV from systematical measurement were reported by Dmitriev in 1981 (Dmitriev and Molin, 1981) .
Induced radioactivity of component materials by 16 MeV was investigated by Abe et al. 1984 (Abe et al., 1984) . The Dubna group investigated the 201 Tl production from natural and enriched lead targets by protons of energy about 65 MeV (Ageev et al., 1992; Zaitseva et al., 1987) . The Hanover-Cologne group in series of measurements investigated the activation cross-sections at different accelerators up to high energies. In the low energy measurement by Kuhnhenn et al. a detailed study was performed for series of activation products (Kuhnhenn et al., 2001 ). Milazzo-Colli (Milazzo-Colli et al., 1975) investigated (p,γ) reaction on deposited Pb samples resulting in such Tl isotopes, which are out of the scope of the present study.
Experimental and data evaluation
Excitation functions were measured by stacked foil irradiation technique at the VUB CGR-560 cyclotron (Brussels). The stacks were irradiated in a Faradaycup like target holder, equipped with a long collimator for precise definition of the diameter of the incident beam and with an electrode to suppress the secondary electrons emitted from the target. A stack of 12 identical groups of (Ho-Zr-Pb-Ti-Al) foil layers containing holmium (26.2 µm), zirconium (98.42 µm), lead (15.74 µm) target foils, Ti (12 µm) beam monitor foil and aluminum (156.6 µm) beam energy degrader foil of natural isotopic composition was irradiated with a proton beam of 37 MeV primary energy and 146 nA intensity for 70 min. The beam current was kept constant during the irradiation. The activity of the irradiated samples was measured directly, without any further chemical separation by a high purity Ge detector. The target samples were counted four times after 1.3 h, 3.5 h, 97 h and 285 h typical cooling times, in order to detect all possible radioisotopes according to their half-life as well as to follow the decay of radioisotopes detected in more than one measurement. As naturally occurring lead is composed of four stable isotopes ( 204 Pb 1.4%; 206 Pb 24.1%; 207 Pb 22.1%; 208 Pb 52.4%), so called elemental cross-sections were determined supposing the lead is composed of only one single isotope. In the final result cross-section for natural composition is given. The radionuclides of Bi, Pb and Tl are produced by (p,xn), (p,pxn) and (p,2pxn) reactions respectively and through the decay of their parent nuclei. The decay characteristics, the contributing reactions/processes and the respective reaction Q-values for production of the measured radioisotopes were taken from the NUDAT2 database (Kinsey et al., 2014) and from (Pritychenko and Sonzogni, 2003) and are summarized in Table 1. In the same Table the γ-lines with their intensities are also reported. All measurable lines were evaluated and those having appropriate statistics and no interference have been used in the final calculations. The initial value of the primary bombarding energy of the incident particles was derived from calibrations made with TOF technique (Sonck et al., 1996) . The energy degradation of the protons through the stack was estimated by calculation using the stopping power data of Andersen and Ziegler (Andersen and Ziegler, 1977) . The total charge on target was initially derived from the Faraday cup using a digital integrator. The final beam current and energy scale are based on the analysis of the cross-section data for the nat Ti(p,x) 48 V monitor reaction measured simultaneously with the investigated reactions (Tárkányi et al., 
Results

Cross-sections
The excitation functions for production of radioisotopes of Bi, Pb and Tables 2 and  3 . The m+ notes the activation cross-section of the ground-state after the complete decay of the significantly shorter-lived isomeric state decaying partly or completely to that ground state and the cum notes the activation cross-section of the final product after the complete decay of the simultaneously produced significantly shorter-lived parent nuclei decaying partly or completely to the investigated final product. The available results of earlier investigations published in the literature are discussed together with results of theoretical calculations.
4.1.1.
nat Pb(p,xn) 206 Bi reaction The radioisotope 206 Bi (T 1/2 = 6.243 d) is produced by the (p,n), (p,2n) and (p,3n) reactions from 206 Pb, 207 Pb and 208 Pb lead isotopes respectively. Its relatively short half-life makes quick measurements possible within a couple of days. Our new experimental results are presented in give good approximation except for the maximum value, which was a little overestimated by both codes. The EMPIRE 3.1 results strongly underestimate the experimental values, which can be explained by the fact that the EMPIRE input library (RIPL3) was not complete for the high-Z target elements, so dataextrapolations should have been made to avoid EMPIRE to fail because of fatal errors. 206 Pb above, but with one more neutron emission respectively. Its half-life is long enough to follow its decay through several weeks. Our new experimental data are presented in The radioisotope 202 Bi (T 1/2 = 1.71 h) is also produced from every stable Pb isotope through multiple neutron emission. Its half-life is very short, so it must be measured just after the irradiation. The results of this work and the results of the theoretical model calculations are presented in Fig 6. TENDL-2012 and MENDL give acceptable approximation in the energy range up to 37 MeV. EMPIRE 3.1 fails again. No earlier measurement was found for this isotope in the investigated energy interval, so our present results are new. Data found from Bell (Bell and Skarsgard, 1956 ) seem to be a good extrapolation of our new results toward higher energies.
nat Pb(p,xn) 201g Bi reaction
The radioisotope 201 Bi (T 1/2 = 103 min, Tm1/2 = 59.1 min) has a short-lived isomeric state and a bit longer-lived ground state. We could measure only two data points, which are under the TENDL-2012 and MENDL curve and above the EMPIRE 3.1 curve (see Fig. 7 ). The half-lives of the isomeric and ground states are similar, so the results cannot be called m+ as the 
nat Pb(p,X) 203 Pb reaction
The radioisotope 203 Pb (T 1/2 = 51.92 h) is produced from the Pb stable isotopes through one proton and multiple neutron emission, including complex particle emissions (d, t) after the proton bombardment, as well as from the decay of the parallel produced 203 Bi mother isotope. The measurements were performed by keeping appropriate cooling time (the difference between the mothers and the daughters half-life allowed it) in order to measure cumulative cross-section after the complete decay of the mother isotope. The results are presented in Fig. 8 together with the earlier experimental data and 2001) is acceptable, the TENDL-2012 approximation (cumulative) is also good, while both EM-PIRE 3.1 and MENDL fail in this case because of strong underestimation. The previous results of Bell (Bell and Skarsgard, 1956 ) are completely different from all other data.
nat Pb(p,X)
202m Pb reaction The radioisotope 202 Pb has a very long-lived ground state and a 3.54 h isomeric state (measured). No earlier measurements were found in the literature. The results are presented in Fig. 9 , together with the results of the theoretical model calculations. The data are scattered because of the low counting statistics, where the peak area was comparable with the background fluctuations. In this case, all theoretical model calculations show strong underestimations.
4.1.9.
nat Pb(p,X) 201 Pb reaction The radioisotope 201 Pb (T 1/2 = 9.33 h) is produced from the stable Pb isotopes by one proton and multiple neutron emission, including complex particle emissions (d, t), as well as from the decay of the parallel produced 201 Bi mother isotope. Because of the large difference between the mothers and the daughters half-lives, cumulative cross-section could be measured after appropriate cooling time. Now only one data point of Kuhnhenn (Kuhnhenn et al., 2001 ) overlaps in energy with our measurement and it is in agreement with our new data, while above 36 MeV (where we have no measurement points) the Kuhnhenn data go up to a 5 times larger The radioisotope 202 Tl (T 1/2 = 12.31 d) is produced from the stable Pb isotopes by multiple particle emission, including complex particles (p,n,d,t, 3 He,α), as well as from the decay of the much shorter-lived 202Pb mother isotope. We measured after the decay of the mother isotope (cumulative cross-section) only 3 data points with relatively large errors, but they are in acceptable agreement with the earlier results of Kuhnhenn (Kuhnhenn et al., 2001 ) in the selected energy region. Also TENDL-2012 and MENDL give acceptable ap- are comparable, so the cross-sections must be corrected for the mothers contribution. The results are presented in Fig. 13 , together with the earlier measurements and the results of theoretical model calculations. Unfortunately there is no overlapping energy region with earlier experimental data, but it also means that our data are new. Surprisingly the best (but still not acceptable) approximation is given by the EMPIRE 3.1, while the results of TENDL-2012 and MENDL cannot be evaluated.
nat Pb(p,X)
199 Tl reaction The radioisotope 199 Tl (T 1/2 = 7.42 h) is produced in a similar way as the 202, 201, 200 Tl above. Now the halflife of the mother 199 Pb (if produced) is really shorter, than that of the 199 Tl, so the measured cross-section is cumulative, when it is measured after appropriate cooling time (8-10 h). The results are presented in Fig. 14 , together with the results of the theoretical model calculations. The approximation given by EMPIRE 3.1 is the best again, while TENDL-2012 and MENDL completely fail because of large underestimation.
Integral yields
The integral yields (thick target yields) calculated from the measured cross-sections are shown in Figs. 15, 16 and 17 in comparison with the literature data (if available). The yields represent so called physical yields for instantaneous irradiation (Bonardi, 1987 (Birattari et al., 1981) , 206 Bi at 16 MeV (Abe et al., 1984) . In Fig. 15 Wear, corrosion and erosion measurements by using TLA require radioisotopes with appropriate halflives, intense ?-line and easy production possibility (large cross-section). Among the investigated radionuclides, these conditions are best fulfilled by the 205 Bi and 206 Bi. The cross-sections of both isotopes are similar around 20 MeV, the half-life of the 205 Bi is longer, while 206 Bi has more intense γ-lines. The IAEA TLA database (IAEA-NDS, 2010) already contained recommended excitation function for the 206 Bi producing reaction. A comparison showed that it is in good agreement with our new measurement. The new 205 Bi results were added to the TLA database and the calculated results are presented in Fig. 18 for special cases. With these limitations, both isotopes are suitable for quick wear measurements by using thin layer activation method. In Fig. 18 we calculated some special cases to demonstrate the wear measurement capability by using these isotopes: Case 1-2 are for 205 Bi, Case 3-4 for 206 Bi optimal, i.e. produce homogenous activity distribution near to the surface. Case 1: perpendicular irradiation, Ep = 24.3 MeV, I p = 2µA, T Irradiation = 1 h, T cooling =3 days Case 2: irradiation angle = 15 o , Ep = 24.3 MeV, I p = 2µA, T Irradiation = 1 h, T cooling =3 days Case 3: perpendicular irradiation, Ep = 28.8 MeV, I p = 2µA, T Irradiation = 1 h, T cooling =3 days Case 4: irradiation angle = 15 o , Ep = 28.8 MeV, I p = 2µA, T Irradiation = 1 h, T cooling =3 days From Fig. 18 it is also seen that by angular irradiation (15 o ) much more dense surface activity distribution can be reached. Important parameters from the point of view of wear measurement is the homogeneous surface activity and the range of homogeneity (a depth range within the activity change is less than 1%), which are: 21 kBq/µm and 192 µm; 85 kBq/µm and 49.8 µm; 80 kBq/µm and 159.6 µm; 310 kBq/µm and 41.3 µm for the Cases 1-4 respectively. One can choose from the different irradiation setups according to the requirements (penetration depth, detecting efficiency, expected wear rate, etc.) of the actual measurement.
Summary
Excitation functions of proton induced nuclear reactions were investigated up to 37 MeV on lead, mainly for application purposes. Independent or cumulative cross-sections for the formation of the radionuclides 206,205,204,203,202,201g Bi, 203cum,202m,201cum Pb and 202cum, 201cum, 200cum, 199cum 199, 200 Tl. The new data are in good agreement with the recommended cross-sections for production of 206 Bi in the TLA database.
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